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distinct effector outcomes? Based on
the differential effects of ablation of
WASP and WAVE2 in lymphocytes, it
would seem so, although Arp2/3-inde-
pendent effects should also be consid-
ered. Indeed, one surprising finding in
this paper was that disruption of the
Arp2/3 complex did not affect early
TCR signaling, including Ca2+ mobili-
zation, despite previous data implicat-
ing WAVE2 in regulation of TCR-in-
duced Ca2+ influx (Nolz et al., 2006).
And what about other actin-nucleating
proteins? In particular, the third class
of actin-nucleators, consisting of the
Spire proteins, is also involved in nu-
cleating unbranched actin filaments—
its effects on T cell function remain un-
explored. Finally, it will be of interest
to examine how other signaling path-
ways may employ these different clas-
ses of actin-nucleating proteins, par-
ticularly pathways downstream from
chemokines and integrins, two other
key pathways that regulate cell polarity
in conjunction with signals from the
TCR. What is clear is that the study of
these distinct classes of nucleators
and the many functions of the T cell
actin cytoskeleton will provide food
for thought for many years to come.
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The role of the gp96 heat-shock protein in regulating Toll-like-receptor expression is incompletely
understood. Yang et al. (2007) generated mice with conditional deficiency of gp96 in macrophages
and found that this protein is an important chaperone for all Toll-like receptors that have been tested.Toll-like receptors (TLRs) are an im-
portant family of receptors that con-
tribute to innate immunity and regulate
adaptive immunity (Iwasaki and Medz-
hitov, 2004). They recognize microbial
ligands, such as bacterial lipoproteins
(TLR2 in heterodimers with TLR1 or
TLR6), double-stranded RNA (TLR3),
lipopolysaccharide (TLR4), bacterial
flagellin (TLR5), certain pathogen-
associated RNA sequences (TLR7),
and pathogen-associated unmethyl-
ated CpG motifs in DNA (TLR9). Of
these TLRs, the nucleic-acid receptors
(TLR3, TLR7, TLR9) are expressed
intracellularly, and the others are ex-
pressed at the cell surface. Defects in
TLR expression or function can lead
to increased susceptibility to infection
with various pathogens. In contrast,excessive or inappropriate TLR signal-
ing is associated with pathological
processes, e.g., lipopolysaccharide-
induced endotoxin shock in sepsis
and perhaps certain autoimmune and
inflammatory conditions. Thus, mech-
anisms that regulate TLR expression
and function may be critical for shap-
ing both immunity to pathogens and
pathologic immune reactions.
Expression of TLRs may be regu-
lated at several levels, including at
the level of posttranslational mecha-
nisms. Randow and Seed previously
demonstrated that gp96 (also known
as grp94, endoplasmin, or ERp99) is
required for cell-surface expression
of TLR1, TLR2, and TLR4 (Randow
and Seed, 2001). gp96 resides in the
endoplasmic reticulum, where itsImmunity 26chaperone function is critical for the
proper folding of many substrates.
Although murine embryos that lack
gp96 expression do not survive, in
this issue of Immunity, Yang et al.
(Yang et al., 2007) were able to con-
struct a cell-type-specific deletion of
gp96 to study its effects on TLR ex-
pression and consequent changes in
immune function in vivo. By homolo-
gous recombination, LoxP sequences
were inserted in positions flanking the
first exon of Hsp90b1, the gene en-
coding gp96, and transgenic mice
were generated. These mice were
mated with mice expressing the cre
recombinase under different pro-
moters; suchmating partners included
LysMcre mice, which express cre
knocked in to the lysozyme M locus., February 2007 ª2007 Elsevier Inc. 141
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stricted to granulocytes, monocytes,
and macrophages. Breeding resulted
in production of ‘‘knockout’’ mice
with greatly reduced expression of
gp96 in macrophages (granulocytes
did not show a substantial defect in
gp96 expression, perhaps as a result
of their short life span). Importantly,
these mice exhibited normal hemato-
poiesis, with normal numbers of mac-
rophages, dendritic cells, and other
leukocytes and without discernable
abnormalities in these cells. Thus,
this approach generatedmice in which
gp96 expression was deficient only in
macrophages.
Yang et al. subsequently used these
mice to explore new aspects of the
role of gp96 in TLR expression. Macro-
phages from the ‘‘knockout’’ mice
failed to produce proinflammatory
cytokines (e.g. TNF-a) in response to
agonists of TLR2-TLR1, TLR3, TLR4,
TLR5, TLR7, and TLR9 (Figure 1).
Whereas the requirement for gp96 for
TLR expression had previously been
evaluated for TLR1, TLR2, and TLR4,
Yang et al. demonstrate that gp96 is
also essential for signaling by TLR3,
TLR5, TLR7, and TLR9. Studies with
TLR9 showed that TLR9 protein was
expressed, as revealed by immuno-
blotting, indicating that defects in
TLR9 signaling were not due to a lack
of expression at the transcriptional
or translational level, consistent with
the model that gp96 is required for
posttranslational folding of TLRs to
produce functional receptors. Thus,
gp96 is required for functional expres-
sion of both intracellular and cell-
surface TLRs. Yang et al. selected
TLR4 and TLR9 for in-depth study of
the interactions of gp96 with TLRs ex-
pressed in HEK293-TLR9 or HEK293-
TLR4 cells. Coimmunoprecipitation
demonstrated that TLR4 and TLR9
were associated with gp96, particu-
larly a highly glycosylated variant of
gp96 that was sensitive to endoglyco-
sidase H; such sensitivity is typical of
proteins that contain N-linked oligo-
saccharides and are still within the
endoplasmic reticulum. Association
of the TLR and gp96 was lost with inhi-
bition of N-linked glycosylation by tuni-
camycin or depletion of endoplasmic
reticulum calcium concentrations with142 Immunity 26, February 2007 ª2007 EFigure 1. Requirement of gp96 in TLR Expression
Expression of functional TLRs requires gp96, allowing conditional lineage-specific gp96-deficient
mice to be used for dissecting cell-specific TLR-dependent contributions to immunopathogenesis
in vivo. In the endoplasmic reticulum, TLRs interact with gp96, which provides essential chaperone
function for all TLRs studied to date (TLR2-TLR1, TLR3, TLR4, TLR5, TLR7, and TLR9). In the
absence of gp96, TLRs are not functional, are largely retained in the endoplasmic reticulum,
and cannot mediate responses such as TLR4-induced endotoxin shock or induction of cytokines
and host resistance by Listeria monocytogenes.thapsigargin. Together, these findings
indicate that gp96 associates with
TLRs in the endoplasmic reticulum,
consistent with its function as a chap-
erone for protein folding.
Two aspects of the ‘‘conditional
knockout’’ mouse experimental model
are intriguing and useful for explora-
tion of the biology of TLRs. First,
deletion of gp96 results in functional
deficiency in all studied TLRs; this
makes gp96 deletion a potentially
valuable research tool for eliminating
essentially all contributions of TLRs in
the affected cells. Second, the defect
in gp96 expression was limited to
macrophages, whereas dendritic cells
still expressed gp96 and functional
TLRs, providing a fascinating chance
to explore the relative contributions of
macrophages versus dendritic cells
or other cells in various TLR-mediated
responses to pathological states
in vivo. Accordingly, these mice were
used for studying the contributions of
macrophage-expressed TLRs in two
pathological states, endotoxin shock
and infection with Listeria monocyto-
genes. Because TLR4 is expressed
by dendritic cells, B cells, and neutro-
phils, as well as macrophages, it was
previously not certain which cell type
is most responsible for responding to
endotoxin and producing TNF-a, the
central effector molecule for increas-
ing vascular permeability and causinglsevier Inc.shock during sepsis. Mice with defec-
tive gp96-TLR expression in macro-
phages were relatively resistant to
death due to endotoxin shock pro-
duced by either intraperitoneal or in-
tarvenous injection of lipopolysaccha-
ride, despite continued expression
of TLR4 by dendritic cells, B cells,
and neutrophils, demonstrating that
macrophages are themain responders
in endotoxin shock. In contrast, the
‘‘knockout’’ mice were more suscepti-
ble than wild-type mice to infection
with L. monocytogenes and exhibited
a higher splenic bacterial burden,
increased weight loss and tissue
pathology, and decreased production
of IL-12. These results indicate that
macrophages provide TLR responses
that are critical to host defense in this
infection.
Heat-shock proteins (HSPs) have
been proposed to have several differ-
ent functions in the immune system.
A number of studies, particularly in
tumor immunology models, have indi-
cated that HSPs can chaperone an-
tigenic peptides and promote their
delivery to antigen-presenting cells
for presentation to T cells (Srivastava,
2002). In addition, HSPs have been
proposed to represent endogenous
danger signals that induce signaling
through TLRs (TLR2, TLR4), but there
has been controversy as to whether
this represents lipopolysaccharide
Immunity
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tions. A potential resolution comes
from studies that compared and com-
bined purified HSP and lipopolysac-
charide; these studies revealed that
putatively ‘‘clean’’ HSPs induce re-
sponses but also enhance responses
to lipopolysaccharide (Warger et al.,
2006). Thus, the critical role that Yang
et al. revealed for gp96 in TLR function
represents a unique example of the
many roles that HSPs may play in
regulating immune responses.
The results from the study by Yang
et al. provide new insight into the role
of HSPs in the assembly of functional
TLRs, but how can this knowledge be
used in future studies? At this point,
therapeutic application seems remote.
gp96 is not TLR specific, serves as
a necessary chaperone for many pro-
teins, and is essential in embryogene-
sis. Therefore, it may be a problematic
target for therapy, although inhibition
of its function could theoretically be
used to decrease TLR expression in
diseases with excessive proinflamma-
tory TLR signaling. Perhaps the most
exciting application developed by this
study is the generation of cell-lineage-
specific TLR deficiency that can beThe Leptin Conne
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Leptin is a cytokine-like hormone
this issue of Immunity, De Rosa e
and hyporesponsiveness of regul
Leptin, a hormone primarily known for
control of appetite and obesity, is also
a proinflammatory cytokine that plays
a potent role in the control of autoim-
mune diseases (Otero et al., 2006).used in future studies for analyzing
the roles of TLRs on a specific cell
type. The authors used this to address
the specific contributions of macro-
phages, as opposed to dendritic cells
or other TLR-expressing cells, in
endotoxin shock and infection with
L. monocytogenes, but this approach
could also be applied in the study of
many other disease states. Many
pathogens that infect macrophages
also infect dendritic cells, and the bal-
ance of contributions of these cell
types to the generation of innate
immunity or effector T cell responses
remains undetermined in many infec-
tious diseases. In addition, a similar
strategy could be used for generating
mice with TLR deficiencies in other
cell lineages. For example, some T
cells express a subset of TLRs, but
the function of T cell-expressed TLRs
in immune responses or disease path-
ogenesis remains unclear, and a
mouse lacking gp96 and TLR expres-
sion in T cells might provide a way to
address such questions, as long as
gp96 does not have other essential
functions in this lineage. It should
be noted that TLRs often provide re-
dundant signaling to pathogens thatction:
ls and Autoimmu
ational Institute of Allergy and Infectious Dis
with proinflammatory properties li
t al. (2007) elucidate an important
atory T cells.
This role is apparent in the autoimmu-
nity-resistance phenotypes of mice
deficient in either leptin (encoded by
the obesity [ob] gene) or its receptor,
ObR (encoded by the diabetes [db]
Immunity 26express agonists for multiple TLRs,
and many researchers desire some
sort of general TLR-deficient model
for their experiments. Within the con-
fines of a cell-lineage-specific knock-
out, gp96 deficiency may provide
such a general knockout of TLR func-
tion. In summary, Yang et al. provide
important insight into the role of gp96
in the generation of functional TLRs,
and their work provides exciting tools
and approaches for future studies of
TLR function and the contribution of
specific cell types in immune re-
sponses and immunopathology.
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